The purpose of this study was to examine the effect of sleep deprivation on flow experience. Methods: Sixteen healthy male volunteers of mean age 21.4±1.59 (21-24) years participated in two experimental conditions, ie, sleep-deprivation and normal sleep. In the sleep-deprived condition, participants stayed awake at home for 36 hours (from 8 am until 10 pm the next day) beginning on the day prior to an experimental day. In both conditions, participants carried out a simple reaction time (psychomotor vigilance) task and responded to a questionnaire measuring flow experience and mood status. Results: Flow experience was reduced after one night of total sleep deprivation. Sleep loss also decreased positive mood, increased negative mood, and decreased psychomotor performance. Conclusion: Sleep deprivation has a strong impact on mental and behavioral states associated with the maintenance of flow, namely subjective well-being. Keywords: sleep deprivation, sleepiness, flow, mood, vigilance
Introduction
"Flow" is a positive emotional state that typically occurs when a person perceives a balance between challenges associated with a situation and his or her capabilities to accomplish or meet the demands of this situation. 1 Experiencing flow commonly accompanies a feeling of immersion in various types of tasks, including those in such disparate areas as medical operation, rock climbing, and musical performance. 1 At work, flow is often defined by characteristics such as absorption, job satisfaction, and intrinsic/autotelic motivation. 2 Although the flow experience was originally investigated in highly skilled professionals, a short period of flow (or "microflow") can occur in daily activities, such as during Internet use, 3 driving, 4 musical performance, 5 and sports. 6, 7 Importantly, it has been reported that the frequency of flow experiences is negatively correlated with self-disgust and guilt, 8 but positively correlated with subjective wellbeing. 9 Thus, flow should be considered an important factor in our quality of life. We have previously found that sleepiness is significantly and negatively correlated with flow experience. 10 In our study, flow levels improved significantly following a short nap and exposure to bright light, which were applied as countermeasures against afternoon drowsiness. 10 The results of our previous research suggest that attenuation of sleepiness may be essential in order to experience flow (ie, flow is experienced more prevalently in states of low sleepiness); if this is the case, then people in a sleep-deprived state or in a state of high sleepiness should experience less flow when compared with individuals experiencing little drowsiness. Despite the importance of degree of sleepiness as a background state to elicit flow experience, the effect of sleep deprivation on flow experience has not been the subject of much research.
Although a direct link between sleep deprivation and flow has not been reported, previous studies suggest that sleepiness may have some negative associations with flow experience. According to the cognitive energy model proposed by Zohar et al, 11, 12 sleep deprivation reduces "cognitive energy," which is related to emotion elicited through goal-disrupting as well as goal-enhancing events. In this model, sleep loss increases the negative affect induced by goal-disrupting events and also serves to reduce the positive affect induced by goalenhancing events.
12 The cognitive energy model seems to fit well with flow theory, given that challenging tasks require a high level of cognitive energy and should induce a stronger flow experience. Therefore, it appears that a reduced level of cognitive energy, due to sleep deprivation, should also reduce flow experience.
Alternatively, it could be argued that sleep deprivation may increase flow experience during a task. It is well known that total sleep deprivation impairs cognitive performance, eg, task-switching ability. 13, 14 This, in turn, could elicit a stronger focus on a current task to compensate for the decreased cognitive ability due to sleep loss, eg, as a coping strategy with limited cognitive resources. This type of strong focus in the current task could be accompanied by a subjective status of being more intensively engaged in the task and it may be regarded as an increase in flow experience. The primary purpose of the present study is thus to confirm the effect of sleep deprivation on flow experience and cognitive performance.
We used a psychomotor vigilance task known to be sensitive to sleep deprivation [15] [16] [17] to confirm the effect of sleep deprivation on cognitive performance. Simple tasks, such as psychomotor vigilance tasks, that are easy to learn and not heavily affected by motivation, have been identified as being appropriate for measuring the effects of sleep loss. 16 It has been reported that sleep deprivation not only increases sleepiness but also accelerates deterioration of mood. 16, 18, 19 Sleep disturbance has been cited as a precursor to a number of psychiatric conditions, including depression, 20 post-traumatic stress disorder, 21 and panic disorder. 22 These psychiatric problems may prevent people from engaging in challenging tasks due to a shortage of cognitive energy and low flow experience. Therefore, we used a questionnaire (ie, the Profile of Mood Status 23 ) to measure mood status, including flow experience.
The present study used short-term sleep deprivation (for 36 hours) to investigate the acute effect of sleep deprivation on flow experience. Successive sleep deprivation of more than 36 hours has often been employed to investigate the acute effects of sleep loss in sleep studies. [24] [25] [26] [27] According to Durmer and Dinges, 27 sleep deprivation studies can be generally categorized into three types, ie, long-term total sleep deprivation (.45 hours), short-term total sleep deprivation (#45 hours), and partial sleep deprivation (sleep restriction to ,7 hours in 24 hours). 27 Several specific but contrasting hypotheses emerge from this prior research and are examined in the present study. These hypotheses propose that a night of total sleep deprivation would cause: lower positive and higher negative mood; decreased or increased flow experience; deterioration of psychomotor vigilance; flow to be positively correlated with psychomotor vigilance; and flow to be negatively correlated with sleepiness and fatigue and positively correlated with vitality. The present study is a part of a larger experiment designed to investigate the effect of sleep deprivation on memory. Further results will be presented elsewhere.
Materials and methods Participants
Nineteen male university students were recruited for the present study. Three were excluded from the analysis because they could not stay awake for 36 hours. Thus, data for 16 healthy male volunteers of mean (± standard deviation) age 21.4±1.59 (21-24) years were analyzed. Only male participants were recruited because one of the memory tasks in the experiment was designed for male participants (these results will be presented elsewhere), and no sex-related difference in flow experience has been reported. 1 All participants met the following criteria: no current physical or mental health problems; no use of medication; no tobacco use; no night shift work within 3 months prior to the experiment; and no travel to a different time zone within the previous 3 months.
Procedure
Participants were subjected to two experimental conditions, ie, sleep-deprivation and normal sleep. The study was conducted using a within-subject crossover design in which the condition order was counterbalanced across participants (ie, eight participants started with the sleep-deprived condition and the other eight with the normal sleep condition). In the sleep-deprived condition, participants stayed awake at home for 36 hours (from 8 am until 10 pm the next day), starting on the day before the experimental day. In the normal sleep 
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Sleep deprivation and flow experience condition, participants were instructed to get a typical night's sleep (about 7.5 hours). Participants participated in both study conditions with an interval of at least 7 days between one condition and another to prevent a carryover sleep deprivation effect. Sleep deprivation was confirmed by measuring physical activity levels with actigraphy (Actiwatch 2, Philips Respironics, Murrysville, PA, USA). Sleep durations over the course of the experiment were recorded in a sleep diary.
In both conditions (sleep-deprivation and normal sleep), the participants followed the same schedule/experimental procedure except for the 36 hours of sleep deprivation in the sleep-deprived condition. In both conditions, participants arrived in the laboratory at 6 pm, carried out performance tasks (including a memory task), completed questionnaires measuring flow experience and moods, and then went home to sleep. The psychomotor vigilance task and questionnaires were completed at 7 pm and 7.05 pm, respectively. The task procedures were identical under both the sleep-deprived and normal sleep conditions except for the manipulation of sleep deprivation; therefore, they should have little influence on comparisons between the two conditions. The experimental schedule is shown in Figure 1 .
Participants were asked to abstain from food and beverages containing caffeine and alcohol from 6 pm on both the experimental day and the day before the experiment (ie, the participants underwent sleep deprivation without consuming caffeine). Toxicologic screening, however, was not conducted.
The experimental protocol was reviewed and approved by the ethics committee for research involving humans at the National Institute of Advanced Industrial Science and Technology, Japan, according to the principles expressed in the Declaration of Helsinki.
actigraphy and sleep diary
Times for going to sleep, waking up, and total sleep duration were calculated automatically by Actiware version 5.71.0 software (Philips Respironics Inc). Visual inspections were performed to confirm that the automatic analysis was properly calculated. In addition to automatic analysis, manual inspection of the actigraphy data was also done to count the number of "immobile periods" during sleep deprivation at home. The definition of immobile periods was arbitrarily set at more than 15 minutes after several inspections of the data.
Flow checklist
The Flow Checklist, originally developed in Japanese by Ishimura, 28 was used. The Flow Checklist consists of ten items (each rated on a seven-point Likert scale ranging from 1= "does not apply at all" to 7= "highly applicable") that are categorized as three independent factors, ie, "confidence in competence", "rise to a challenge", and "positive emotion and absorption". Each factor consists of two to four items: "everything is going well", "I am able to control situations", "I am confident in managing matters", and "I am in control of my behavior/movements" for the first factor (ie, confidence); "I feel my work is challenging" and "I am making progress toward reaching my goals" for the second factor (ie, challenge); "I feel time flies", "I am in a state of complete concentration", "I am completely immersed", and "I am enjoying my work" for the third factor (ie, immersion). The Flow Checklist questions concerning the performance task, were carried out before the ratings, and the reliability of the Flow Checklist has been confirmed in an earlier study. Participants were asked to circle the number best representing their present feelings on the seven-point scale.
Profile of mood status
The Japanese version of the Profile of Mood Status 23 was used to assess current mood. The participants expressed their mood status on a 100 mm visual analog scale, with separate dimensions for "anxious", "sleepy", "fatigued", "apathetic", "confused", "angry", and "sad" on the right end of the line and "not anxious", "not sleepy", "not fatigued", "vigorous", "not confused", "not angry", and "not sad" on the left end of the line. Participants were asked to view the lines as representing their personal range of feelings and to place a mark on the line indicating their feeling at the moment.
Psychomotor vigilance test
The psychomotor vigilance test 29 (PVT) uses a simple visual reaction time paradigm with interstimulus intervals ranging 
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Kaida and Niki from 2 to 10 seconds. Participants have to detect a stimulus and respond using a button on a keyboard as quickly as possible. The stimulus (a small counter increasing in milliseconds) is displayed in the center of a computer screen. The PVT used in the present study was the 5-minute version. 30 Median reaction times and lapses (times more than 500 msec) were calculated.
Data analysis
Paired t-tests were used to compare the sleep-deprived and normal sleep conditions. The Wilcoxon signed-rank test (nonparametric test, n=16) was also applied. Significance levels were set at P,0.05. All statistical analyses were conducted using Statistical Package for the Social Sciences version 22.0 software (IBM, Armonk, NY, USA). Times of going to sleep and waking (actigraphy data) were 1.59±101.42 minutes and 9.36±148.77 minutes, respectively. This "night owl" sleep schedule may have been due to the flexible time schedule typical of university students.
Results

actigraphy and sleep diary data
We also calculated the number of periods of immobility using the actigraphy data. This was done using only 15 data sets because data from one of the subjects could not be analyzed due to technical problems with one of the recording devices. From this inspection, six immobile periods were detected in four participants. The cumulative immobile periods for the four participants were 42, 44, 82, and 122 minutes (mean 48.3±18.42 minutes) over 36 hours. Although our results show that the participants did not undergo total sleep deprivation in the strict sense (ie, absolutely no sleep at all), they were still in a condition of "severe sleep loss", which would be sufficient to examine the effects of sleep loss on flow experience.
Flow experience
Flow experience along all three dimensions decreased in the sleep-deprived condition as compared with the normal sleep condition [ confidence, t(15)=3.70, d=0.69, P,0 Figure 2 .
Profile of mood status
Mood status deteriorated after sleep loss, except for the anxiety and sadness dimensions, as shown in Figure 3 . Sleepiness, confusion, and fatigue scores were higher in the sleep-deprived condition than in the normal sleep condition [sleepiness, t (15) 
Psychomotor vigilance test
correlation analysis
As shown in Table 1 , all three factors of flow were significantly and positively correlated with vitality (r=0.45 to 0.57), 
Discussion
The present study reveals that all aspects of flow experience (confidence, challenge, and immersion) decrease after sleep deprivation. In addition, flow indices were significantly and negatively correlated with fatigue (r=−0.43 to −0.68) and sleepiness (r=−0.38 to −0.55). These results suggest that sleep/sleepiness is an important factor in flow experience, and maintaining a low level of sleepiness is essential in order to induce flow. To the best of our knowledge, the relationship between sleep loss and flow experience has not been previously examined. Consistent with previous studies, positive mood (vitality) was reduced and negative mood (sleepiness, fatigue, confusion, anger) was increased after sleep deprivation. 19, [31] [32] [33] [34] Importantly, this study found that flow experience and vitality were positively related (r=0.45 to 0.57). The results support our assumption based on the cognitive energy model 11, 12 that lower levels of cognitive energy, due to sleep deprivation, reduce the motivation to engage in challenging tasks and hence impede flow experience. This is consistent with another report in which sleep deprivation was found to impede concentration and creative thinking. 35 In the present study, confusion and anxiety ratings increased after sleep loss, although the result for anxiety did not reach statistical significance (P=0.07). These results are consistent with previous studies reporting that 36 hours of prolonged wakefulness increases self-reported anxiety on the State-Trait Anxiety Inventory questionnaire. 36 It has been reported that panic attacks are more likely to occur in insomniacs, 22 and this may be related to deterioration in mood due to sleep loss.
There were no significant correlations between flow indices and PVT performances. This suggests that flow may not influence basic cognitive ability as reflected in simple reaction skills. The present study used PVT because it is sensitive to sleep loss. A number of other performance tasks have been developed and tested to evaluate the effect of sleep loss; these include the Stroop task, 16 switching task, 13 visual search task, 37 and a working memory task. 38 However, these tasks are less associated with sleep deprivation than with PVT, 
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Kaida and Niki because they involve higher order cognitive skills that show a learning effect; in addition, people performing these tasks are susceptible to motivation to perform at a higher level than normal. 16 Higher order cognitive skills, however, may be associated to a greater degree with flow experience compared with simple skills because flow features more prominently in complicated tasks that require a higher skill level. Flow could occur when we combine different types of skills rather than when we perform a simple task such as detecting a target. The neurobehavioral science of flow experience has not as yet been the subject of investigation.
The present study employed a rather severe schedule of sleep deprivation, yet previous studies have employed a similar experimental design. The next step in this type of investigation should consider practical situations, such as partial or chronic sleep deprivation and sleep fragmentation. It is known that deterioration of psychomotor ability corresponds to the amount of sleep loss accumulated through consecutive nights of short sleep periods. 24 It would be interesting to explore whether partial and/or accumulation of sleep loss has an influence on flow. This line of investigation would be more applicable to real-life settings, such as in occupational health (eg, shift work and aging) and medicine (eg, sleep apnea syndrome and periodic leg movements). Further, this topic is better suited to epidemiologic studies of longitudinal design because laboratory experiments cannot eliminate bias based on an individual's presumptions due to the nature of the experimental design (ie, the aim of the study is likely to be obvious to participants).
A shortcoming of the present study is its lack of separation of effects due to sleep loss itself from those due to stress caused by sleep deprivation. Flow experience may be affected not only by sleep loss per se (ie, an arousal factor) but also by psychologic stress (ie, emotional factors). Further research should examine the separate effects of these factors. In addition, only young male participants took part in the present study. The potential effects of differences in sex and age on the effects of sleep loss on flow should also be investigated.
In conclusion, the present study confirms that flow experience is reduced after one night of total sleep deprivation. In addition, sleep loss decreased positive mood, increased negative mood, and caused deterioration in the performance of a vigilance task. These results suggest that sleep deprivation has a strong impact on the mental and behavioral states involved in maintenance of subjective well-being.
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